Abstract Necrosis is a form of cell death that is detrimental to the affected tissue because the cell ruptures and releases its content (reactive oxygen species among others) into the extracellular space. Clusterin (CLU), a cytoprotective extracellular chaperone has been shown to be upregulated in the face of necrosis. We here show that in addition to CLU upregulation, necrotic cell lysates induce JNK/SAPK signaling, the IRE1α branch of the unfolded protein response (UPR), the MAPK/ERK1/2, and the mTOR signaling pathways and results in an enhanced proliferation of the vital surrounding cells. We name this novel response mechanism: Necrosisinduced Proliferation (NiP).
Introduction
Although the mechanisms of cellular apoptosis are wellknown, the impact of necrotic cell death remains uncertain and is the topic of intense debate. More specifically, little is known about the consequences in neighboring cells of necrotizing tissue. Traditionally, necrotic cell death is defined as uncontrolled cell death stimulated by spontaneous and
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devastating stressors such as intoxication, injury, or heat (Vanden Berghe et al. 2014 ). More recently however, necrosis has been reevaluated through detailed observations in various pathologies and diseases. Among others, necrotic cell death can be observed when blood flow is reestablished after instances of low oxygen and nutrient supply, such as after stroke or organ transplantations, known as the ischemia reperfusion injury (IRI) (Kalyanaraman 2013; Yuan 2009 ). Further, necrotic cell death has been observed to occur in endothelial cells of atherosclerotic plaques (Martinet et al. 2011 ) and during viral and bacterial infections (Festjens et al. 2006) . Likewise, it becomes more and more apparent that necrosis and necrotic cell death mechanisms are underlying features of carcinogenesis, cancer progression, and invasion (Leek et al. 1999; Srikrishna and Freeze 2009; Vakkila and Lotze 2004) . Thus, it is hypothesized that cellular necrosis evolved from an uncontrolled accidental cell death mechanism to a welldefined cellular program, regulated by a growing network of cellular modulators (Vanden Berghe et al. 2014) .
Intriguingly, one protein that repeatedly surfaced as being upregulated in necrotic tissue, as well as shown to be an indispensable protective tool for the reconstruction of necrotic or damaged tissue is the extracellular glycoprotein clusterin (CLU), also known as apolipoprotein J (APOJ) (Rohne et al. 2016) . Secretory clusterin (sCLU) is today the best-defined molecular chaperone acting outside of the cell (Rohne et al. 2016; Wyatt et al. 2012) . The processing and maturation of sCLU lead from a single chain protein to a highly glycosylated protein cleaved in two chains with four to five disulfide bonds. Recently, it was reported that the chaperone activity of sCLU is dependent on posttranslational maturation, such as core glycosylation and the proteolytic cleavage. These are prerequisites required for the protein to act in a reducing environment, such as in necrotic tissue (Rohne et al. 2014) . By examining the influence of necrotic cell lysates, it was demonstrated that sCLU is upregulated and secreted in vital neighboring cells, which renders sCLU a potential marker for ongoing necrotic cell death in tissues (Bach et al. 2001; Baiersdorfer et al. 2010; Bartl et al. 2001; Rohne et al. 2016; Schwarz et al. 2008; Zhou et al. 2015) . Moreover, it was shown that sCLU acts as a scavenging protein in the clearance of misfolded proteins or toxic proteins from the extracellular space, which is mediated by receptors of the LDL receptor gene family, DC-SIGN, and scavenger receptors (Bartl et al. 2001; Leeb et al. 2014; Merlotti et al. 2015; Sabatte et al. 2011; Wyatt et al. 2011; Zlokovic et al. 1996) .
In this context, it was shown that sCLU acts as a key factor in sealing wounds and in tissue regeneration after damage, observed at the ocular surface and in the kidney (Bauskar et al. 2015; Nguan et al. 2014) . Additionally, sCLU was described as a protective molecule by preventing further damage after myocardial infarction and in other inflammation-related pathologies (McLaughlin et al. 2000; Rohne et al. 2016 ).
Furthermore, an upregulation and secretion of CLU by axons have been witnessed in response to acute heat trauma and in astrocytes of old head injuries (Troakes et al. 2016) . Even though there exists an abundance of studies advocating for a beneficial role of CLU in survival and regeneration of tissues and cells, a defined mechanism is still unknown. Promising results recently published by Martin Gleave and colleagues showed that CLU is subject to BiP-mediated retrotranslocation from the endoplasmic reticulum (ER) to the cytosol (Li et al. 2013) . Furthermore, they show that intracellular CLU (iCLU) is feasible to promote autophagy by mediating LC3 lipidation (Zhang et al. 2014 ). More recently, it was demonstrated that a CLU knockout in renal epithelial cells lowers LC3 lipidation, cell viability, and IRE1α phosphorylation under hypoxic conditions (Alnasser et al. 2016) , which are the main cause for IRI and consequent necrosis (Kalyanaraman 2013) .
The receptor IRE1α is part of the unfolded protein response (UPR), a stress activated cellular quality control program residing in the endoplasmic reticulum (ER) that ensures successful folding of ER-resident proteins (Gardner et al. 2013; Ron and Walter 2007) . UPR and autophagy are closely related and represent a molecular switch that determines whether a cell is destined for cell death or survival (Hetz 2012; Yan et al. 2015) . One side branch of the IRE1α signaling pathway is the JNK pathway, which leads to the activation of the stress-induced transcription factor AP-1 (Hetz 2012) . Indeed, the clu gene promoter bears AP-1 responsive sites (Michel et al. 1997 ) that might correlate with IRE1α activation suggesting a potential interaction of the ER and the extracellular proteostatic system.
In this study, we set out to analyze in addition to the upregulation of CLU by necrotic cell lysates in affected cells if other cytoprotective processes are induced in vital surrounding cells of affected tissue. We show here that necrotic cell lysates specifically induce the IRE1α branch of the UPR. We further show that in vital cells necrotic cell lysates trigger a proliferative stimulus, which is mediated by ERK1/2 and mTOR. This phenomenon demonstrates a novel Necrosis-induced Proliferation (NiP) mechanism.
Material and methods

Cell culture
HEK-293 cells were grown in the presence of 10% FBS (Sigma) at 37°C in a humidified atmosphere with 5% CO 2 . For Western blot, RT-and qRT-PCR experiments 1.5*10 legends. After incubation in serum-free media, the cells were stimulated with necrotic cell lysates (see below), human TNF (Sigma), endotoxin-free BSA (Roth), LPS from Salmonella minnesota (Alexis), thapsigargin (Sigma), with or without inhibitors, or DMSO for various times.
Molecular cloning and transfection
Constructs used were described previously (Prochnow et al. 2013) or were cloned with primers (see Table A2 ) using the In-Fusion HD Cloning Kit (Clontech Laboratories, Inc.). Transfection of cells were carried out using Turbofect (Thermo Scientific) according the manufacturer's protocol.
Generation of a stable clusterin knockdown
HEK-293 cells were transfected with pTER-EGFP containing either clusterin knockdown oligonucleotides (shCLU) or scrambled oligonucleotides (Scr) (see Table A2 ). To receive stable clones, the cells were selected by using Zeocin™ (Invitrogen).
Preparation and treatment of necrotic cell lysates
HEK-293 cells were grown in T175 culture flasks (Greiner bio one) to full confluency, removed by trypsin digestion, diluted in serum-free medium, and centrifuged 500×g at room temperature for 20 min. The supernatant was discarded and the cells were diluted in fresh serum-free medium or phosphate buffer pH 8 and underwent four freeze/thaw cycles in liquid nitrogen. The lysed cells were then centrifuged at 20,000×g for 30 min at 4°C and the supernatant was used for stimulation of vital cells.
Cell lysate preparation and Western blotting
After a time of sensitive incubation, cells were lysed in icecold lysis buffer (50 mM Tris/HCl [pH 8], 150 mM NaCl, 1% (v/v) Triton® X-100) containing phosphatase inhibitor cocktail V (Calbiochem) and protease inhibitor (Complete mini, Roche). For Western blot analyses 50-100 μg protein lysates or 10-30 μL cell culture supernatants were denatured and subjected to reducing SDS-PAGE and blotted onto nitrocellulose membranes. For the detection of various proteins, antibodies were used as listed in Table A3 . Respective bands were visualized with HRP-linked secondary antibodies.
Synthesis of cDNA and RT-and qRT-PCR
Stimulated cells were pelleted and total cellular mRNA was isolated using the innuPREP RNA Mini Kit (Analytik Jena). After quantification, the cellular mRNA was reverse transcribed with RevertAid Reverse Transcriptase (Thermo Scientific). Semi-quantitative RT-PCR analyses were carried out with Maxima Hot Start Green PCR Master Mix (Thermo Scientific) using DNA oligomers as listed in Table A1 or were described previously (Yoshida et al. 2001) . All RT-PCRs were applied on 2% agarose gels, except XBP1 (4%). Quantitative RT-PCRs were performed using 25 ng/μl of oligo dT-reverse transcribed mRNA and KAPA SYBR Fast qPCR Master Mix Rox low (peqlab) in a 7500 Real-Time PCR Instrument (Applied Biosience). Analyses were performed in four replicates using the 7500 Fast System and SDS Software (Applied Biosystems). The DNA oligomers for qRT-PCR analyses are listed in Table A2 or were described previously (Hirota et al. 2006; Sidrauski et al. 2013; van Schadewijk et al. 2012 ).
AP-1 luciferase reporter assay
Three-hundred thousand HEK-293 cells were cultivated in 24-well plates for 24 h and were co-transfected using 1 μg pAP-1-Luc (see Table A2 ) or pTAL-Luc (Clonetech) and 0.4 μg pTER-EGFP (Clonetech) for 6 h. Subsequently, the cells were treated as indicated in Fig. 2b . At last, the cells were washed once with PBS and the cell's luciferase activity was HEK-293 cells were stimulated with 1 mg/mL necrotic cell lysates (nec), BSA, FBS, 5 ng/mL TNF, or 1 μg/mL LPS. a RT-PCR analyses for CLU transcription with GAPDH as control. b Western blot analyses for secreted sCLU in cell culture supernatants were performed after 6 h of stimulation. c HEK-293 cells were preincubated with or without 10 μM JNK inhibitor SP600125 for 9 h. After preincubation, cells were stimulated with either 10 μM MG-132 or 1 mg/mL necrotic cell lysates (nec) in the presence or absence of SP600125 for 6 h. All experiments were performed at least three times measured in white plates using the Luciferase Assay System (Promega) according to the manufacturer's protocol and the FLUOstar Omega luminometer (BMG Labtech). Values were expressed relative to the fluorescence intensity of the respective cell lysates.
Flow cytometer measurements
To elucidate the relative apoptosis rate, FACS analyses were performed with 500,000 HEK-293 cells plated in 6-well plates and grown for 24 h. The cells were subsequently washed once with PBS and stimulated with necrotic cell lysates for 24 h.
The cells were then removed with trypsin and stained using the PE Annexin VApoptosis Kit I (BD Bioscience) according the manufacturer's protocol. The samples were measured using a BD FACS Canto II (BD Bioscience) flow cytometer.
Cell viability assays (MTS assays)
To monitor the viability of HEK-293 cells, (if not indicated otherwise in the figure legends) 5000 cells in 100 μL full medium (10% FBS) were plated into sterile 96-well plates and grown for 24 h. After 4 h on serum-free, the cells were stimulated with necrotic cell lysates (see below) for 12-24 h. After preincubation, cells were stimulated with either 10 μM MG-132 or 1 mg/mL necrotic cell lysates (nec) in the presence or absence of SP600125 for 2 h (Western blot) or 5 h (reporter assays). a JNK phosphorylation analyses were carried out by Western blot (n = 3). b AP-1 luciferase reporter assays: Chemiluminescence was measured and is shown relative to blank vector stimulated with 1 μM PMA. As transfection control pTER-EGFP was cotransfected. Data shown are the mean ± SE of three independent experiments. Data were analyzed by using one-way ANOVA, followed by Tukey's multiple comparison test. c RT-PCR analyses for the transcription of CLU, IP-10 (NF-κB positive control) with GAPDH as loading control were performed in HEK-293 cells preincubated with or without 25 μM NF-κB inhibitor parthenolide (Parth.) for 4 h. After preincubation, cells were stimulated with either 5 ng/mL TNF or 1 mg/mL necrotic cell lysates (nec) in the presence or absence of 25 μM Parthenolide for 6 h (n = 2). d pTAL-NF-κB-CLU reporter (see Table A2 ) was transfected into HEK-293 cells for 6 h in 6-well plates. Cells were subsequently plated 1:3 and grown for another 36 h. After 4 h of serum-free incubation, the cells were stimulated with 5 ng/mL TNF or 0.5 mg/mL necrotic cell lysates (nec) for another 6 h. psCLU indicates presecretory uncleaved clusterin. Western blot analyses were carried out using anti-V5 antibody (Life Technologies) (n = 3). e Western blot analyses of HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates (nec) for the indicated times (n = 3)
The medium was then replaced by 50 μL fresh serum-free medium and 10 μL Cell Titer 96 Aqueous one solution (Promega) was added. The reduction of cell titer solution was measured (490 and 630 nm) in an ELISA reader (PowerWave XS, BioTek) within 4 h. In the case of transfection with plasmid DNA or usage of Q-VD-OPh (Sigma), 10,000 HEK-293 cells were seeded and the assays were carried out as described in the corresponding figure legends.
Cell proliferation assays
One-hundred thousand HEK-cells were seeded into 24-well plates and grown for 24 h. Subsequently, the cells were stimulated with 1 mg/mL necrotic cell lysates. After 24 h of incubation in the absence or presence of necrotic cell lysates, cells were trypsinized and total cell numbers were directly determined using a Neubauer counting chamber. In addition, cell proliferation was assayed using the Edu-click system. Briefly, Lumox® 96-well plates (Sarstedt) were coated with Poly-L-lysine (Sigma) and 40,000 HEK-293 cells per well were seeded and grown for 24 h. Subsequently, the cells were stimulated with 1 mg/mL necrotic cell lysates for another 24 h. Finally, cell proliferation was measured by using the EdU HTS kit (Baseclick) according to the manufacturer's protocol and the FLUOstar Omega luminometer (BMG Labtech). Fig. 3 Necrotic cell lysates induce the IRE1α branch of the unfolded protein response (UPR). a RT-PCR analyses for the transcription of CLU, ERdj3, BiP, CHOP, GADD34, and XBP1 with GAPDH as loading control were performed in HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates (nec) or 1 μM thapsigargin (Tg) for 6 h (n = 3). b qRT-PCR analyses of HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates were carried out. Values are represented as mean ± SE from three independent experiments. Data were analyzed by one-way ANOVA, followed by Dunnett's test for multiple comparison (***P < 0.001; **P < 0.01; *P < 0.05). c Western blot analyses of HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates (nec) or 1 μM thapsigargin (Tg) for 6 h (BiP and CLU) or 2 h (eIF2α) (n = 3). d HEK-293 cells were preincubated in the presence of various concentrations of the IRE1α kinase inhibitor Kira6 and subsequently stimulated with 1 mg/mL necrotic cell lysates in the presence of Kira6 for 2 h (Western blot of cell lysates) or 6 h (RT-PCR and Western blots of cell culture supernatants) (n = 3)
Results
Exposure of vital cells to necrotic cell lysates triggers JNK phosphorylation and a heat shock response Since an upregulation of CLU (APOJ) has been observed in cells challenged with necrotic cell lysates (Bach et al. 2001) , we began using this gene to study the cellular response towards these exogenous stress conditions. At first, we focused on putative signaling pathways that have been described to upregulate CLU, such as the JNK/SAPK and the NF-κB signaling pathway, as well as the contribution of a heat shock response (Prochnow et al. 2013; Rohne et al. 2016; Viard et al. 1999; Woody and Zhao 2016) .
Following exposure of HEK-293 cells to necrotic cell lysates, we found an elevation in CLU transcription and secretion ( Fig. 1a and b) . The increase in transcriptional upregulation and secretion was absent in cells treated with BSA, TNF, LPS, or FBS demonstrating the specificity of the cellular response (Fig. 1a and b) . The transcriptional upregulation of CLU was abolished in the presence of the JNK inhibitor SP600125, indicating that JNK signaling is induced as a cellular response to necrotic cell lysates (Fig.  1c) . As confirmed by Western blot analyses, the synthesis of CLU correlates to the augmented presence of phosphorylated JNK isoforms p46 and p54 which-like CLU expression-were impaired after application of the JNK inhibitor SP600125 (Fig. 2a) . Comparable results were obtained after treatment with the proteasome inhibitor MG-132, a potent JNK inducer (Fig. 1c, Fig. 2a) . Furthermore, by using AP-1 luciferase reporter assays, we demonstrated an increase in AP-1 promoter activity upon stimulation with necrotic cell Fig. 4 Necrotic cell lysates elevate proliferation. a FACS analyses of cells stimulated for 24 h with necrotic cell lysates (nec) were performed using annexin V (apoptosis) or 7-AAD (necrosis) (n = 4). b Assessment of the ratio of vital cells, early apoptosis, and whole cell number (after 24 h of stimulation with 1 mg/mL necrotic cell lysates). Values shown are the mean ± SE of three to four independent experiments. Data were analyzed by using an unpaired, two-tailed Student's t test (***P < 0.001; **P < 0.01; *P < 0.05). c 100,000 HEK-293 cells were seeded into 24-well plates and grow for 24 h, subsequently the cells were stimulated with 1 mg/mL necrotic cell lysates (nec) for another 24 h and finally counted with a Neubauer counting chamber. Values shown are the mean ± SE of seven independent experiments. Data were analyzed by using an unpaired, one-tailed Student's t test (***P < 0.001; **P < 0.01; *P < 0.05). MTS (d) and EdUClick assays (e) with HEK-293 cells after 24 h of stimulation with 1 mg/mL necrotic cell lysates (nec). Values shown are the mean ± SE of three (d) to six (e) independent experiments. Data were analyzed by using an unpaired, two-tailed Student's t test (***P < 0.001; **P < 0.01; *P < 0.05) lysates, which was nearly abolished after application of SP600125 (Fig. 2b) .
Together these results imply an involvement of the JNK/ AP-1 signaling pathway in the cellular response triggered by necrotic cell lysates.
Since a heat shock response can be induced by necrotic stress and other stresses apart from heat stress (Bromberg et al. 2013; Donati et al. 1990 ), we also tested the expression of the heat shock protein HSP27. As shown in Fig.  1c , necrotic cell lysates as well as MG-132 stimulated the expression of HSP27 which was inhibited by SP600125 suggesting that the necrotic cell lysate-triggered heat shock response is controlled by the JNK signaling pathway.
Encouraged by the recent findings of NF-κB-mediated induction of CLU in necrosis-exposed prostate cancer cells (Zhou et al. 2015) , we studied the involvement of NF-κB in our experimental model. However, no involvement of the NF-κB signaling pathway was observed after using the NF-κB inhibitor Parthenolide or by probing psCLU (presecretory clusterin) as well as sCLU (secretory clusterin) synthesis in NF-κB promoter assays (Fig. 2c and d) .
Necrotic cell lysates specifically induce IRE1α phosphorylation and XBP1 splicing
After having excluded Src kinase activation (Holzer et al. 2011) (Fig. 2e) , nonspecific protein effects or TNF receptor . c HEK-293 cells were transfected with pcDNA6 (mock) or IRE1α-pcDNA6 (IRE1α) for 6 h, passaged to 6-well plates and grown to full confluency. Subsequently, after 4 h of serum deprivation, the cells were stimulated with 0.5 mg/mL necrotic cell lysates (nec) for 2 h (n = 4). d 10,000 HEK-293 cells stable transfected with shCLU or Scr (see above) were seeded into 96-well plates and grown for 24 h. Afterwards, the cells were transfected with pcDNA6 (mock) or IRE1α-pcDNA6 (IRE1α) (see above) for 6 h. Subsequently, the cells were set serum-free for 12 h and finally MTS assays were performed. e 10,000 HEK-293 cells were seeded into 96-well plates and grown for 24 h. Subsequently, the cells were transfected with pcDNA6 (mock) or BAX-pcDNA6 (BAX) (see above) for 18 h with concomitant stimulation of 1 mg/mL necrotic cell lysates for 12 h in the presence of 5 μM Q-VD-OPh. All values shown are the mean ± SE of three independent experiments. Data were analyzed by using an unpaired, two-tailed Student's t test (***P < 0.001; **P < 0.01; *P < 0.05) signaling (Fig. 1a, Fig. 2c ) as activators, we tested if the exposure of vital cells to necrotic cell lysates would stimulate the unfolded protein response (UPR). If this were the case, JNK phosphorylation would be triggered by the IRE1α branch of UPR via the TRAF2 adapter protein (Ron and Walter 2007) .
Indeed, after 6 h of stimulation with necrotic cell lysates, we found significant XBP1 splicing and transcriptional upregulation of CLU and BiP, a key chaperone in the UPR. In contrast, ERdj3 (ATF6 branch), GADD34, and CHOP (PERK branch) were not induced ( Fig. 3a and b) . Along these lines, we also detected a translational upregulation of BiP (Fig. 3c) , an enhancement of sCLU secretion, but no eIF2α phosphorylation (PERK branch) (Fig. 3c) strengthening the notion that necrotic cell lysates specifically activate the IRE1α branch of the UPR.
In contrast to necrotic cell lysates, the ER stress inducer thapsigargin activated the IRE1α and the PERK branch of the UPR as demonstrated by the enhanced XBP1 splicing and elevated transcript levels of CHOP, GADD34 (Fig. 3a) , as well as an increased BiP expression (Fig. 3a and c) , and eIF2α phosphorylation (Fig. 2c) . Interestingly, after using the validated IRE1α kinase inhibitor Kira6 (Ghosh et al. 2014 ) the transcriptional upregulation of CLU and secretion of sCLU was impaired in a dose-dependent manner (Fig. 3D) . Concomitantly, JNK and IRE1α phosphorylation also declined indicating a link of the UPR and CLU expression.
Exposure of vital cells to necrotic cell lysates increases cell viability and proliferation
Since JNK phosphorylation is known to initiate apoptotic cell death (Hetz 2012) , we next determined whether cells treated with necrotic cell lysates exhibited an elevated level of apoptosis. Surprisingly, there was no significant difference in the amount of vital cells stimulated with necrotic cell lysates compared to control cells in FACS analyses using annexin Vand 7-AAD (Fig.  4a) . Intriguingly, we even found an elevated number of cells in samples stimulated with necrotic cell lysates (Fig. 4b and c) . This result was supported by a 2.5-fold increase in metabolic activity measured by MTS assays (Fig. 4d ) and 1.7-fold increase in cell proliferation assays using the EdU-Click system (Fig. 4e) .
CLU and IRE1α are known to exert cytoprotective and even proliferative functions (Lin et al. 2007; Nguan et al. 2014; Rohne et al. 2016; Xu et al. 2014) . Furthermore, it is known that caspase 3-mediated apoptosis can trigger cell proliferation in neighboring cells, a mechanism which is known as apoptosis-induced proliferation (AiP) (Huang et al. 2011; Ryoo et al. 2004) . To test whether CLU, IRE1α, and/or AiP contribute to the observed proliferation, we used stable CLU knockdowns ( Fig. 5a and b) , IRE1α overexpressing constructs ( Fig. 5c and d) , and the pan caspase inhibitor Q-VDOPh (Fig. 5e) . In none of the approaches a modulation in necrotic cell lysate-mediated cell viability was observable pointing to an alternative mechanism.
This result prompted us to further elucidate signaling pathway(s) induced by necrotic cell lysates that might contribute to proliferation and viability. Since MAPK/ERK1/2 and mTOR signaling are known to stimulate cell proliferation (Mendoza et al. 2011) , we tested the activation of these pathways. In cells treated with necrotic cell lysates, we found elevated levels of phosphorylated ERK1/2, mTOR, p70 and p85S6 kinase, and S6 ribosomal protein (Fig. 6a) . Taken together, these data indicate that necrotic cell lysates promote cell proliferation and viability by activating MAPK/ERK1/2 and mTOR signal transduction pathways in vital cells. 
Discussion
For years sitting on the Bback shelf^of cell death research, necrotic cell death now emerges demonstrating to be a more and more coordinated and sophisticated cell death mechanism with a huge potential in biomedical research (Vanden Berghe et al. 2014) . Involved in this setting is the extracellular chaperone clusterin (CLU), also known as apolipoprotein J (APOJ), which is highly correlated with necrosis, tissue degeneration, and apoptosis (Rohne et al. 2016; Woody and Zhao 2016) . CLU is found to exert a cytoprotective role by helping to heal damaged tissues, clear the extracellular space from apoptotic cells, protein aggregates, and cellular debris (Baiersdorfer et al. 2010; Bartl et al. 2001; Cunin et al. 2016; Lee et al. 2011; Viard et al. 1999; Wilson and Zoubeidi 2016) . To find a regulatory link between these two research fields, we decided to characterize the response mechanisms in vital cells to ongoing tissue necrosis. As a model system, we used necrotic cell lysates obtained from freeze/ thawed HEK-293 cells and applied it to vital HEK-293 cells. As observed in vivo we could demonstrate CLU transcriptional upregulation in this model (Fig. 1a) . We further found an activation of the JNK/SAPK signaling pathway as well as a heat shock response and evidence for the involvement of these Fig. 7 Signal transduction pathways induced by necrotic cell lysates in HEK-293 cells. Lysates released from necrotic cells induce the MAPK/ERK1/2, mTOR, JNK, and IRE1α signaling pathways. Following ERK1/2 and mTOR signaling, the cell viability and proliferation is enhanced due to increased protein translation promoted by phosphorylated S6 ribosomal protein (among others), a mechanism which is called NiP (Necrosis-induced Proliferation). The JNK and IRE1α signaling pathways are inducing the expression of intra -and extracellular chaperones such as BiP (mediated by XBP1) and CLU (mediated by AP-1, supported by a concomitant heat shock response, HSF). Eventually, the cell releases secretory clusterin (sCLU) thus facilitating the removal of cellular debris (Bartl et al. 2001; Rohne et al. 2014) pathways in CLU upregulation by using the JNK inhibitor SP600125 (Fig. 1a, Fig. 2a and b ). An involvement of NF-κB as seen in similar experiments by Zhou et al. 2015 could not be confirmed in our experimental model ( Fig. 2c  and d) .
Furthermore, we could demonstrate that cells stimulated with necrotic cell lysates suffer ER stress which results in the specific induction of the IRE1α branch of the UPR (Fig.  3a, b, and d) . Intriguingly, it was shown by Alnasser et al. 2016 that CLU might be part of this cellular response and therefore involved in a sophisticated cellular chaperone network, the Bchaperome^ (Finka and Goloubinoff 2013) . On the basis of decreased IRE1α phosphorylation in CLU knockout cells under ischemic conditions, they proposed that CLU might act as a supporting chaperone in the UPR. Indeed, by using the IRE1α kinase inhibitor Kira6 we have found a decline in CLU expression (Fig. 3d) . More recently, it was suggested that severe ER stress induced by thapsigargin abolishes CLU upregulation and prevents its secretion (Genereux et al. 2015; Nizard et al. 2007 ), a finding that was also supported in our experimental model ( Fig. 3a and c) . We therefore argue that CLU expression and secretion can only be present or promoted under ER stress encompassing solely the IRE1α branch (see also Fig. 5c ), but is inhibited by the induction of the PERK branch.
However, by testing whether necrotic stress causes increased apoptosis, revealed that the cell number and viability was enhanced (1.5-fold within 12 h and up to 2.5-fold within 24 h; Fig. 5b and Fig. 4d ). No significant apoptosis was detectable ( Fig. 4a and b) . Moreover, it was measured that the cells indeed start to proliferate (Fig. 4e) . Important pathways stimulating cell proliferation are the MAPK/ERK1/2 and the mTOR signaling pathways (Mendoza et al. 2011) . We show that necrotic cell lysates induce the ERK1/2 and mTOR signaling pathways, whereas the FBS control solely induces the mTOR signaling pathway (Fig. 6) . Additionally, concurrent with mTOR phosphorylation, the phosphorylation of p70S6 kinase at position Thr389 and S6 is enhanced (Fig. 6 ). ERK1/ 2 phosphorylates the residues Thr421/Ser424 at the autoinhibitory domain of the p70S6 kinase to make the kinase accessible for mTOR-mediated phosphorylation at position Thr389 which serves as a platform for PDK1 for full activation of the p70S6 kinase and subsequent S6 phosphorylation ( Fig. 6 and Fig. 7 ) (Lehman et al. 2003; Pullen and Thomas 1997) . The phosphorylation of ERK1/2, however, occurs already at low concentrations of necrotic cell lysates and is accompanied by Thr421/Ser424 phosphorylation of the p70S6 kinase (Fig. 6 ). This suggests a decisive role for ERK1/2 in the mTOR /p70S6 kinase/S6 signaling pathway.
It was recently shown in drosophila and in human cancer cells that apoptotic cells release growth stimulating signals into the extracellular fluid resulting in repopulation, a process that might be crucial to tissue reconstruction and remodeling, but is harmful when occurring during tumor therapy (Huang et al. 2011; Ryoo et al. 2004 ). To our knowledge, it has up to now never been considered whether cells undergoing necrotic cell death can likewise directly promote proliferation of surrounding cells. The fact that the MAPK/ERK1/2 and mTOR signal transduction pathways are activated immediately after application of necrotic cell lysates implies that necrotic cells release mitogenic signaling molecules directly into the extracellular space that exert the proliferative effect. Furthermore, inhibiting apoptosis with the pan caspase inhibitor Q-VD-OPh did not suppress the induction of cell proliferation demonstrating that it is mediate by components of the necrotic cell lysate rather than being a secondary effect initiated by apoptotic cells. To describe this process, we propose the term: Necrosis-induced Proliferation (NiP). For the first time, we show that the induction of proliferation of vital surrounding cells initiated by dying neighboring cells is not restricted to caspase 3-dependent apoptosis as primary stimulus (Fig. 5e ). An overview is depicted in Fig. 7 .
In summary, our results broaden our knowledge on compensatory proliferation induced by apoptotic cells to cells undergoing accidental cell death and therefore have the same profound implications for the therapy of tumors.
